Objectives To introduce a novel hypothesis and method to characterise pathomechanisms underlying myocardial ischemia in chronic ischemic heart disease by local fractal analysis (FA) of the ischemic myocardial transition region in perfusion imaging. Methods Vascular mechanisms to compensate ischemia are regulated at various vascular scales with their superimposed perfusion pattern being hypothetically self-similar. Dedicated FA software (BFraktalWandler^) has been developed. Fractal dimensions during firstpass (FD first-pass ) and recirculation (FD recirculation ) are h y p o t h e s i s e d t o i n d i c a t e t h e p r e d o m i n a t i n g pathomechanism and ischemic severity, respectively. Results Twenty-six patients with evidence of myocardial ischemia in 108 ischemic myocardial segments on magnetic resonance imaging (MRI) were analysed. The 40th and 60th percentiles of FD first-pass were used for pathomechanical classification, assigning lesions with FD first-pass ≤ 2.335 to predominating coronary microvascular dysfunction (CMD) and ≥2.387 to predominating coronary artery disease (CAD). Optimal classification point in ROC analysis was FD f i r s t -p a s s = 2.358. FD recirculation correlated moderately with per cent diameter stenosis in invasive coronary angiography in lesions classified CAD (r = 0.472, p = 0.001) but not CMD (r = 0.082, p = 0.600).
Introduction
Evidence that has emerged over the last decades [1, 2] demonstrates that obstructive coronary artery disease (CAD), or Electronic supplementary material The online version of this article (doi:10.1007/s00330-016-4492-2) contains supplementary material, which is available to authorized users. epicardial stenosis, is merely one possible pathomechanism leading to myocardial ischemia in chronic ischemic heart disease and its clinical manifestation, angina pectoris [3] . Microvascular functionality adaptively regulates coronary resistance to maintain adequate blood flow depending on epicardial driving pressure. This intricate system [4, 5] can be subject to functional and morphological alterations [6] leading to ischemia even without appreciable epicardial stenosis [2] -a phenomenon that has been termed coronary microvascular dysfunction (CMD) [7] . The pathophysiology of myocardial ischemia can therefore be understood as a composition of different underlying pathomechanisms, each with an individual significance in a given patient. This pathomechanical composition should be characterised in each patient to individually optimise the therapeutic strategy.
Magnetic resonance imaging (MRI) allows assessment of myocardial perfusion with vasodilator stress to unveil perfusion defects and their spatial and temporal shape. The transition region, where adequately perfused and ischemically impaired myocardium gradually merge into each other, might exhibit distinct perfusion patterns that vary with the pathomechanical composition. These perfusion patterns could thus serve as an alternative diagnostic target to characterise ischemia in the individual patient. Fractal analysis (FA) can be used to assess the perfusion patterns by quantifying the transition region's geometrical complexity. FA has been applied to various imaging scenarios and has yielded promising results, including colorectal tumour and myocardial perfusion [8, 9] .
In the present study, the ischemic transition region is evaluated by FA of perfusion MRI with adenosine-induced relative hypoperfusion. It is hypothesised that perfusion complexity during first-pass or recirculation of contrast agent characterises the individual pathomechanical composition causing myocardial ischemia or ischemic severity, respectively. To this end, a method has been established that includes analysis software (BFraktalWandler^) implementing a dedicated FA procedure. The hypothetical construct and the method that are introduced in this study both serve as a basis for prospective research.
Methods

Rationale for fractal analysis
Compensatory mechanisms of vasodilation to preserve perfusion are regulated at different vascular levels or scales. The regulatory part of the vasculature mainly includes small intramural arteries, pre-arterioles and arterioles [10] . A scalespecific distinctive responsiveness to physical, metabolic and neural stimuli [4, 10] controls haemodynamics in the subsequent vascular scales, thereby regulating perfusion in the subordinated myocardial regions corresponding to the specific scale. The perfusion pattern that results from the superimposition of these various scales potentially exhibits selfsimilar scaling in a statistical sense, similar to myocardial perfusion in general [11, 12] , thus being amenable to FA.
An ischemic defect pathologically causes a transition region, where adequately perfused and hypoperfused myocardium merge into each other. This region contains a mixture of areas with sufficient and impaired vasodilative compensation, thus opposing the pathophysiological effects of CAD and CMD to adequately perfused myocardium as reference. Vasodilative compensation can be imaged by exerting vasodilative stress, e.g. with adenosine [13] . The spatial complexity of vasodilative compensation in the transition region may be pathognomonic for the predominant pathomechanism and FA is highly suitable to quantify this complexity. FA yields the parameter fractal dimension (FD) as a quantitative measure of complexity.
Hypothesis
The hypothesis introduced in this study suggests that myocardial ischemia is caused by a pathomechanical composition of CAD, CMD and presence or absence of collateral perfusion (see Electronic Supplemental Material for more detailed pathophysiological considerations). The contributions of these mechanisms may vary from patient to patient and may even differ locally from one vascular territory to the next in the same patient.
The initial maximum complexity in the transition region during first-pass (measured as maximum FD first-pass ) of contrast agent through the myocardium is hypothesised to reveal the predominant pathomechanism underlying ischemia with high, intermediate and low FD first-pass reflecting predominant CAD, CMD or collateralised CAD, and a physiological perfusion front, respectively. With increasing delay from contrast administration, replenishment of a perfusion defect with contrast agent is more markedly impaired in more severely ischemic myocardium as compared to less severe defects. Consequently, complexity of the transition region during recirculation phases (measured as mean FD recirculation ) is pathologically elevated with the extent depending on how severely perfusion is compromised. Therefore, FD recirculation is assumed to reflect severity of ischemia.
Implementation of fractal analysis
Analysis software (BFraktalWandler^) has been specifically developed by one investigator (F.M.) in the Java programming language and features a local FA according to ref. [14] . The details of the implementation can be found in the Electronic Supplemental Material.
For evaluation of FA, three distinct phases of contrast agent dynamics in the myocardium were defined and separately analysed: a baseline phase including initial images without myocardial contrast enhancement; a subsequent first-pass phase defined visually, beginning with the image of first perceivable myocardial contrast uptake and ending with the image obtained after most of the contrast agent has passed the left ventricle; and a recirculation phase comprising all subsequent images.
Patients
In this study, data from a single centre (Charité) of the CORE-320 study [15] and its MRI perfusion substudy were analysed. The study was approved by the institutional review board and the German Federal Office for Radiation Protection. Written informed consent was obtained from each patient. Eligibility and exclusion criteria can be found in the Electronic Supplemental Material or in the CORE-320 clinical trial design [15] .
Cardiac perfusion MR imaging A 1.5-T scanner (MR Avanto, Siemens Healthcare, Erlangen, Germany) was used for MR imaging, which included a fast low-angle shot sequence (TurboFLASH) for acquisition of temporally resolved myocardial perfusion images (imaging parameters: TR 2.2 ms, TE 1.08 ms, TI 120 ms, flip angle 12°, image matrix 192 × 144 pixels). Three cardiac short-axis views (basal, mid-ventricular, apical) and one view in the long axis were obtained during each heartbeat in a total of 60 heartbeats with intravenous administration of contrast agent (twice Dotarem, Guerbet, Villepinte, France, 0.1 mmol Gd/kg body weight, flow 4-6 ml/s). Images were first acquired after intravenous adenosine infusion (140 μg/kg body weight/min, for 4.5 min, Adenosin Life Medical, Carinopharm GmbH, Gronau/Leine, Germany) as pharmacological vasodilator stress and second without adenosine to capture the resting condition. Lateenhancement images were obtained after administration of the total dose of 0.2 mmol Gd/kg for perfusion imaging using an inversion-recovery fast low-angle shot sequence. In the present study, FA was only performed in vasodilator stress MR images.
Reference standard
Coronary angiograms were acquired using invasive coronary angiography (ICA) in all patients eligible for this study. Values of per cent diameter stenosis in epicardial arteries as seen on ICA were obtained and served as the reference standard for interpretation of FA results. Each ischemic region was assigned to its assumed feeding vessel according to the American Heart Association (AHA) model of coronary anatomy and myocardial perfusion territories [16] . Subsequently, the lesion with the largest per cent diameter stenosis in the assumed feeding vessel, as seen on the angiogram, was extracted for statistical analysis.
Statistical analysis
The maximum FD first-pass was hypothesized to convey pathophysiological information t hat can be used for pathomechanical classification but a threshold remains to be determined. To avoid misclassification of borderline cases, the number of lesions was divided into two evenly sized groups according to the arbitrarily chosen 40th and 60th percentiles of FD first-pass from the ischemic segments. This approach was justified using receiver operating characteristics (ROC) analysis and Youden's J index with pure CAD defined for ROC analysis as stenosis greater than 90 % in ICA. This allows one to identify the operating point for optimal classification of segments with CAD as the assured pathomechanism and to delineate them from segments with CMD or concurrently present CAD and CMD. Ischemic segments with FD first-pass at the 60th percentile or higher were assigned to the presumed CAD group, whereas segments with FD first-pass at the 40th percentile or lower were assigned to the presumed CMD or collateralisation group. An additionally analysed remote segment in each patient was assigned to the normal control group. FD values of each analysed segment from the three contrast dynamic phases (FD baseline , FD first-pass , FD recirculation ) were summarised for each pathomechanical group separately and reported as arithmetic mean ± sample standard deviation (SD). Analysis of ischemic lesions was performed on a per segment basis.
FD recirculation of each ischemic segment was plotted against the corresponding maximum per cent diameter stenosis in ICA as a surrogate parameter for severity of CAD. If FD recirculation is related to severity of ischemia, a relationship is expected between degree of stenosis (ICA) and severity of ischemia for CAD (epicardial stenosis) but not for CMD (since CMD is independent of epicardial stenosis). A linear correlation was performed to quantify this relationship. Currently, no clinically available gold standard exists to confirm or quantify CMD. No further analysis was thus performed in this regard.
Furthermore, the FD versus time curves both individually for each segment and averaged for each pathomechanical group were plotted according to the assigned group using a centred moving average. R [17] was used for statistical analysis and graph creation.
Results
Twenty-six patients who met the inclusion criteria and underwent MRI (21 male, 5 female) were eligible for FA and had detectable myocardial ischemia. A total of 109 ischemic segments during stress were identified and FA was successfully accomplished in 108 eligible segments (21 in female patients). One segment was excluded because of thinned myocardium.
FA totally took 10 min per segment on average. Mean ± SD and median FD first-pass for all lesions were 2.364 ± 0.083 and 2.360. ROC analysis (Fig. 1a) revealed the optimal operating point for classification at FD first-pass = 2.358 with Youden's J = 0.513, being in excellent accordance with the 40th and 60th percentiles of FD first-pass equalling 2.335 and 2.387, respectively. The corresponding classification assigned 43 lesions to presumed CAD (two in female patients), 43 lesions to presumed CMD or collateralisation (11 in female patients) and left 22 lesions unclassified (i.e. 2.335 < FD first-pass < 2.387, eight in female patients). FD baseline , FD first-pass and FD recirculation were on average 2.109 ± 0.036, 2.449 ± 0.035 and 2.215 ± 0.085 for presumed CAD lesions, 2.084 ± 0.030, 2.280 ± 0.039 and 2.127 ± 0.044 for presumed CMD or collateralisation and 2.089 ± 0.042, 2.210 ± 0.059 and 2.085 ± 0.037 for normal control segments, respectively (Fig. 1b) . The (Table 1) . On a per patient basis, there were 18 patients in whom all lesions were uniformly classified, and eight patients had lesions from both pathomechanical groups.
Linear correlation revealed a moderate linear relationship between per cent diameter stenosis and FD recirculation in assigned CAD lesions (r = 0.472, p = 0.001, Fig. 2a) but not in assigned CMD lesions (r = 0.082, p = 0.600, Fig. 2b) . Figure 3 illustrates FA of a normal control subject, Fig. 4 discusses a typical CAD lesion and Fig. 5 depicts an example of a CMD lesion.
Fourteen ischemic segments in five patients (one female) had no luminal reduction in the corresponding epicardial artery. Of these 14 lesions, FA assigned 10 to the presumed CMD or collateralisation group (including the female patient, Fig. 2b ), three to the presumed CAD group (all in one patient, Fig. 2a ) and one was unclassified.
Discussion
One purpose of this study was to introduce a hypothesis on how pathophysiological mechanisms of myocardial ischemia in chronic ischemic heart disease might be differentiated in cardiac perfusion imaging. A novel method consisting of FA and an adequate evaluation procedure has been developed and is introduced in this article. Using this method, one can analyse the spatial complexity of the transition region of ischemic and adequately perfused myocardium over time.
In normal control segments, FD first-pass shows relatively elevated complexity compared to FD b a s e l i n e and FD recirculation . This represents a physiological perfusion front of contrasted blood that continuously traverses the myocardium transmurally. Complexity quickly diminishes after firstpass towards precontrast baseline values, indicating consistent transmural perfusion, i.e. absence of focal perfusion defects or intact compensatory mechanisms (Fig. 3) . In case of an ischemic defect, however, FD first-pass pathologically rises above that of a physiological perfusion front, i.e. a comparatively high complexity is established during first-pass and is spatially stable throughout this phase. When applying the suggested classification of lesions by FD first-pass , a moderate relation is found, as expected, between mean FD recirculation and the largest compatible per cent diameter stenosis only in the presumed CAD group (Fig. 2) but not for the CMD group. These descriptive results seem plausible because per cent diameter stenosis in ICA is a moderate predictor of haemodynamic relevance of a stenosis [18] , whereas severity of CMD depends on fraction and extent of dysfunctional microvessels. Thus, appropriate group assignment based on the limited information available is achieved, suggesting that a relation between complexity during first-pass and the predominating pathomechanism may exist. Furthermore, the findings are basically in accordance with the available epidemiological data, especially considering female predominance of CMD [19] (here 52.4 % vs. 36.8 % of ischemic lesions in women vs. men, Table 1 ), though restricted by the small study cohort (lesions in women n = 21).
There were eight lesions in four patients with a matched epicardial stenosis of at least 80 % diameter that were assigned to the CMD or collateralised group (Fig. 2b) . According to the hypothesis, genuine complexity of compensatory mechanisms of perfusion is masked by preserved perfusion sources, i.e. unaffected vascular beds in CMD or collaterals in CAD. Therefore, lesions with intermediate FD first-pass but significant epicardial stenosis might be inferred to feature collateralisation; alternatively, assignment of the vascular territory to the myocardial segment according to the AHA model might be inappropriate. In contrast, three lesions in one patient without epicardial stenosis on ICA were assigned to the CAD group (Fig. 2a) . These lesions actually might be most severe CMD lesions lacking healthy vascular beds that would maintain residual perfusion in the transition region. Another explanation might be the occurrence of coronary spasm resulting in functional and transient epicardial stenosis [20] . CAD coronary artery disease, CMD coronary microvascular disease (also including collateralised CAD) According to an alternative interpretation, FD of perfusion is a quantitative measure reflecting its spatial correlation [12] , or-in this context-the degree of dissociation of perfusion between ischemic and adequately perfused adjacent myocardial regions. Accordingly, the more dissociated perfusion is, the more FD approaches values near 2.5-the value indicating randomness, i.e. complete dissociation, of perfusion. In contrast, FD values around 2.0 indicate stronger inter-regional association of perfusion. The different pathomechanisms might consequently be differentiated by their inherent perfusion dissociation. Interestingly, the largest FD first-pass seen in a lesion from this study was 2.505 suggesting quasi-dissociated perfusion, i.e. most severe ischemia, with an FD recirculation = 2.356. Healthy myocardium, in contrast, featured a slightly elevated FD first-pass = 2.210 on average, indicating some dissociation during visualisation of the perfusion front. However, first-pass, c recirculation) . From left to right these are the original MR image, a greyscale map of the local fractal dimension (FD) with the red area indicating the transition region of interest (ROI) of ischemic and adequately perfused myocardium, and a colour-coded map of the local FD with the colour scale given below. Note the physiological perfusion front with early enhancement of the subepicardial layers and a delay in the subendocardial layers (apparent during the initial first-pass, row a). B Resulting temporal FD curve of the ROI using the specified temporal standardisation according to the duration of the first-pass. Baseline, first-pass and recirculation phases are indicated. The points in time depicted in A are marked (a, b, c). C Coronary angiograms of the left and right coronary arteries (LCA, RCA) are displayed without evidence of epicardial stenosis. Compared to a low FD baseline = 2.054, FA reveals an initial peak of FD first-pass = 2.199, which corresponds to the physiological perfusion front and is followed by a quick decrease in FD. During recirculation, comparatively low complexity with an FD recirculation = 2.057 is observed. In conclusion, these findings indicate adequately perfused myocardium. As this patient had no evidence of ischemia, she was not included in the statistical analysis this interpretation was established in the context of a different FA method [12] , and these considerations do not implicitly apply to the type of FA used in the present study.
The second purpose of this study was to develop an appropriate algorithm of FA (full details in the Supplemental Material) and to prove its feasibility. FA is feasible but is still time-consuming, taking 10 min per segment on average. In this study, neither myocardial registration nor automatic lesion segmentation was performed and ROIs were manually defined. However, automation of these steps is possible and would significantly reduce the duration of the analysis. Also, full automation is achievable when implementing reliable myocardial (e.g. [21] ) and lesion segmentation. The methodological approach is generally not restricted to MRI and may be transferred e.g. to computed tomography.
MRI allows assessment of myocardial perfusion and features a notable diagnostic accuracy for the diagnosis of CAD, especially in women [22, 23] , and improves prognostic Fig. 4 Fractal analysis of a CAD lesion. A 54-year-old man with a 99 %-diameter stenosis in the right coronary artery (RCA, epicardial segment 1) and a matching ischemic defect is depicted. Fractal analysis (FA) is performed in the inferior segment of the mid-ventricular myocardial third (AHA segment 10). The panels are arranged analogously to Fig. 3 . After an FD baseline = 2.134, FA reveals a high FD first-pass = 2.393, resulting in assignment of the lesion to presumed CAD. FD recirculation is elevated to an average of 2.262-a value presumably indicating relatively severe ischemia. In summary, these FA findings are consistent with the subocclusive RCA stenosis on angiography that matches the marked and persisting perfusion defect. Thus, FA correctly assigned the lesion to CAD as the predominant pathomechanism. Note the subocclusion in the left anterior descending artery (LAD) in segment 7 and a second ischemic defect in the anterior-septal segment (AHA segment 8), which, however, requires a segment-dedicated FA for proper appraisal 2.331, indicating a presumed CMD lesion. FD recirculation = 2.187 is consistent with moderate ischemia. In this patient with a normal coronary angiogram, MRI demonstrates a subendocardial perfusion defect which most likely originates from CMD and is correctly classified by FA stratification [24] . Moreover, it has been applied in the context of CMD [25] . The high spatial resolution of this imaging modality allows one to study the shape of ischemic areas [26] and offers the opportunity to accurately quantify absolute myocardial perfusion in terms of blood volume per minute per tissue mass [27] . The absolute perfusion rate and, more specifically, the absolute coronary flow reserve (CFR) can be interpreted as the functional integration of the individual pathomechanical composition and, therefore, to represent overall severity of ischemia. However, myocardial perfusion both under rest and stress conditions varies considerably between individuals, whether healthy subjects or patients [28, 29] . Without prior knowledge of an individual's physiological perfusion rate, interpretation of absolute CFR can be challenging especially in borderline cases. Moreover, the diverse mechanisms of myocardial ischemia would be conveyed insufficiently by absolute CFR alone because the latter ignores qualitative decoupling of perfusion of the defect relative to adequately perfused regions. To maximise the diagnostic value of cardiac perfusion imaging and to optimise therapeutic consequences for the patient, absolute perfusion estimation or CFR complemented with FA might provide an integrated and comprehensive view of the individual patient in terms of both the cause and extent of myocardial ischemia.
Unsurprisingly, with the limited data provided by this study, the initial hypotheses can neither be confirmed nor rejected. In myocardial ischemia, functional and morphological alterations influence contrast agent kinetics that are integrated in FA. Whether these mechanisms either causally contribute to or bias pathomechanical discrimination cannot be inferred. Actually, they are distinctly altered in pathological states and must be considered in further studies investigating causalities. Moreover, in patients with equally contributing, concomitant CAD and CMD [7] , it might be difficult to identify a predominating pathomechanism because, in these cases, the transition region originates from both epicardial stenosis and microvascular impairment. Furthermore, vascular beds in regions with apparently normal perfusion might feature CMD that is compensated by healthy vascular beds. Using such regions as reference might bias results of FA. Myocardial perfusion intrinsically features a marked heterogeneity that arises from multiple, yet incompletely understood variables including volume of intravascular and extracellular, extravascular space, permeability surface area product and inhomogeneous autonomous innervation leading to dispersed vascular reactivity [30] .
A main limitation of this hypothesis-generating and method-establishing study is the absence of a true gold standard for the different pathomechanical entities. For both CAD and CMD, absolute CFR is considered an appropriate measure to determine severity of ischemia [18] . A stenotic lesion in CAD is appropriately evaluated by fractional flow reserve as a measure of relative CFR [18, 31] . Functionality of collateralisation requires elaborate assessment strategies with small intramyocardial collaterals [4] being hardly identifiable. As already mentioned, no clinical routine test exists to delineate CMD. Myocardial blush grade [7] and angiographic absence of significant stenosis are merely indicative. Even histology can only provide information on the anatomical component of CMD, whereas a purely functional disease [7] , e.g. in hypercholesterolaemia [4] , would be missed. Therefore, a true reference standard that could be used to confirm the hypotheses in this study is currently not available, which confines analysis to a descriptive approach to postulate a certain relation.
The FA method developed in this study requires user interaction, which might give rise to subjective bias, especially during the steps of intensity standardisation, noise estimation and ROI positioning. Inter-and intraobserver variability was not determined. The method requires certain image features, most notably a transition region between ischemic and adequately perfused myocardium that is not contaminated by extramyocardial structures. Therefore, assessment of transmural lesions or lesions in thinned myocardium is difficult or impossible. This was the case in one lesion in this study. The number of patients investigated in this study is small and no explicit selection in terms of the presumable pathomechanism was performed. Prevalence of myocardial ischemia, especially regarding the pathomechanism, may be biased.
Conclusion
The transition region of a myocardial perfusion defect with adequately perfused myocardium is assumed to contain information on pathomechanism and severity of myocardial ischemia in chronic ischemic heart disease. Assessment of this region using FA has been shown to be feasible and yields plausible results that potentially provide insight into the pathogenesis of myocardial ischemia in the individual patient. However, further evidence is needed to prove the hypothetical construct. FA of the transition region is a novel approach for evaluating myocardial perfusion and may augment the diagnostic yield of noninvasive myocardial ischemia imaging. meta-analyses (01KG1013, 01KG1110, 01KG1110), GE Healthcare, Bracco, Guerbet, and Toshiba Medical Systems.
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